A new dedicated high-resolution high-throughput powder diffraction beamline has been built, fully commissioned, and opened to general users at the Advanced Photon Source. The optical design and commissioning results are presented. Beamline performance was examined using a mixture of the NIST Si and Al 2 O 3 standard reference materials, as well as the LaB6 line-shape standard. Instrumental resolution as high as 1.7ϫ 10 −4 ͑⌬Q / Q͒ was observed.
I. INTRODUCTION
Many of the most interesting materials being studied today are not available in single-crystal form during the critical period following the initial discovery, if ever. It is precisely during this initial phase that structural information is most critically needed. High-resolution powder diffraction thus provides a key research tool for determining the structure, for following the structural changes as a function of temperature, voltage, field, etc., and for defining future synthetic approaches to enhance desired materials properties, which may include conductivity, thermal expansion, biological activity, or chemical activity. [1] [2] [3] [4] [5] [6] Increasingly complex chemistry and physics of modern materials demand that the structural information be obtained with high precision. The increased number of applications for powder diffraction crystallography demands these data be available in a routine fashion.
A dedicated high-resolution, high-throughput powder diffraction beamline, 11BM, was proposed, constructed, and commissioned at the Advanced Photon Source ͑APS͒ at Argonne National Laboratory to facilitate high-resolution crystallographic structure determination from powder diffraction of complex polycrystalline materials via a high-throughput mail-in service model. This beamline will support a wide range of user interests, from pharmaceuticals through traditional materials science to questions in engineering, catalysis, chemistry, geosciences, physics, and electronics.
II. BEAMLINE OPTICS
Beamline 11BM is built on a bending magnet source operating at an electron energy of 7 GeV with a critical photon energy of 19.5 keV. This beamline is designed to operate in the energy range of 5 -40 keV and therefore can cover the K absorption edge for elements from Ti to La, and L absorption edges for elements above Cs for resonant scattering studies.
A schematic layout of the beamline is shown in Fig. 1 . A 1-m-long mirror is located 26.0 m from the bending magnet source. It collimates beam vertically to minimize the energy spread of the monochromator and to reduce harmonics contamination. The mirror has one 50-mm-wide stripe coated in Pt and another 50 mm uncoated Si stripe. At a 2 mrad incident angle, the Pt-coated stripe has a cutoff energy at 40.5 keV, and the Si region at 15.5 keV. The mirror is water cooled, with liquid gallium/indium as the heat transfer medium, and is able to translate between the Pt stripe and the uncoated region of the Si to choose a different energy. The mirror acceptance is 50 mm horizontal ͑about 1.9 mrad͒ and 2 mm maximum vertical defined by upstream white beam slits located 23.4 m from the source. A manual mechanical bending mechanism allows the mirror to be bent cylindrically from a nearly flat profile to a curvature with a radius of approximately 26 km.
Following the collimating mirror, the x-ray beam is monochromated by a 20 mm fixed-exit double-crystal Si ͑111͒ monochromator positioned 27.6 m from the source. The first crystal is flat and water cooled, and the second crystal is sagittally bent to focus the beam horizontally. The sagittal focusing assembly was purchased from OxfordDanfysik with the design licensed to Oxford-Danfysik from the ESRF. There is a gear reducer ͑28:1͒ and a positional readout linear variable differential transformer ͑LVDT͒ for each bender motor. The gear reducer increases the accuracy of the motion by a factor of 28 and enhances the torque necessary for high-energy operation; for example, the bending radius is 1.6 m at 30 keV. The LVDT acts as an encoder and allows us to move to positional values indicated by the LVDT readouts. This eliminates or significantly reduces any backlash problems.
The orientation of the second crystal may be adjusted with four degrees of freedom: a slide positions the second crystal relative to the first to maintain a constant beam displacement; a yaw control allows rotation around the crystal surface normal, which is crucial for compensating the twist of the sagittal crystal; the pitch control, which has both a motorized coarse adjustment and a piezoelectric fine adjusta͒ Author to whom correspondence should be addressed. Electronic mail: junwang@bnl.gov. ment, allows relative adjustment of the second crystal's Bragg angle with respect to the first; and a roll control tilts the crystal around the incident beam. For the purpose of equipment protection, thermocouples are placed on the first crystal, the pedestal supporting the second crystal, and most of the control motors.
A second uncooled mirror is situated downstream ͑29.9 m from the source͒ to focus the beam vertically in order to obtain high intensity. The dimensions and coating specifications of the second mirror replicate the first mirror. The bending radius can be adjusted manually to focus beam at the sample or detector position, which is about 50 m from the source.
To minimize the vertical divergence of the beam, the optical components are positioned to provide close to a 1:1 demagnification ratio for vertical focusing. Although 3:1 is the optimal demagnification ratio for sagittal focusing to ultimately satisfy the Bragg condition of the incident beam with horizontal divergence, 7 the investigation of the effect of the sagittal focusing on vertical divergence by ray tracing shows that the 3:1 ratio causes asymmetric and broadened distribution of the beam vertical divergence. 8 Since the highest resolution for powder diffraction is a driving goal for this beamline, the 1:1 demagnification ratio was chosen for the sagittal focusing to provide a symmetric and narrow vertical divergence distribution at the cost of a loss of intensity at a higher energy.
III. DIFFRACTOMETER
A Huber two-circle diffractometer is composed of two heavy-duty high-precision rotary tables ͑serving as 2 and angles, respectively͒, each with a Heidenhain encoder that is aligned coaxially. The axis of rotation is horizontal. The high angular accuracy ͑3 ϫ 10 −4°͒ and high precision ͑Ͻ10 −5°͒
allow the diffraction patterns' peak positions to be accurate and reproducible. The diffractometer, the final beamline guard slits, and the ion chamber are mounted on a locally designed table that has motorized horizontal and vertical movements and manual rotation adjustability. With these motions the diffractometer axis can be centered and made perpendicular to the x-ray beam. A Newport optical table top is also attached on the diffractometer table to provide an area on which to mount the robotic sample changer, sample environmental devices, and other accessories. A sample stage with a high-speed sample spinner and three-axis translations allows alignment of the spinner axis to the diffractometer and transverse centering of the sample along the diffractometer axis. We have found that a 90 Hz spinning rate optimizes sample stability while offering reasonable powder averaging for our measurements, which may have count times as short as 0.01 s. The multianalyzer/detector system is unique to this instrument. A brief description follows; a more comprehensive description will be published separately. 9 To achieve high angular resolution and data collection efficiently, 12 Si ͑111͒ crystal analyzer-detector systems are mounted on the diffractometer 2 arm ͓Fig. 2͑a͔͒. Each analyzer is spaced nominally 2°apart, so a 2°scan provides measurement of a 24°2 range. Each analyzer has an associated LaCl 3 ͑Cyberstar͒ scintillation detector. The multianalyzer/detector system is capable of adjusting each analyzer crystal's orientation on two axes. Each crystal's setting angle ͑͒ has both a coarse ͑mechanical͒ and a fine ͑piezodriven flexure͒ adjustment, which are computer controlled. The multianalyzer/detector scheme reduces greatly the data collection time, improves data reliability by offering redundancy to confirm that measurements are internally consistent, and facilitates timeresolved experiments at high resolution. The detector module is also designed to prevent cross talk between the analyzerdetector systems. Two parallel slit sets, one before and one after each analyzer crystal, collimate and separate the diffracted x rays for each analyzer and its associated scintillation detector. An experimental physics and industrial control system ͑EPICS͒-based beamline control system has been adapted to allow continuous measurements as the 2 angle is scanned, thus eliminating motor repositioning overhead. The 2 positions and the integrated counts from the detector are written to VME memory by the scaler card. The VME memory is read by the instrument when the scan is finished. This allows the entire high-resolution powder diffraction pattern to be recorded in times as short as a few minutes, although a more typical data collection time is 1 h.
Another unique feature is the robotic sample exchanger. In order to achieve maximum efficiency and effectiveness, an automatic sample-exchange system has been built and integrated into the diffraction system. This system, shown in Fig. 2͑b͒ , exploits the high-throughput capability of this beamline. The locally designed fingers and interface hardware allow the commercial robot to mount, exchange, and dismount samples. The sample capacity of 120 samples can be expanded as needed. Integral to the design is an EPICS control module, which allows the robot to be interfaced as a standard beamline peripheral device, as well as a safety system that inhibits robotic operation where an operator could be endangered by the robot's rapid motion. High-throughput data collection is implemented using a combination of webbased database interface and Python instrument control scripts, which will be described elsewhere. 10 An Oxford Cryostreams Cryostream 700+ device allows automated temperature control from 80 to 500 K to be integrated with robotic operation. Additional sample environmental control systems will be added at a later time.
IV. COMMISSIONING RESULTS
The evaluation of beamline performance is based mainly on two criteria: the instrument resolution function ͑IRF͒, which summarizes the instrumental line profile as a function of diffraction angle 2, and the x-ray photon flux and focal size of the incident beam on the sample. In this section we present commissioning results from this beamline, with emphasis on diffractometer system performance.
A. Flux and focusing performance
The measured photon flux at 30 keV is 3 ϫ 10 11 photons/ s at the sample position with 100 mA current. This compares well with the design value of 5.6 ϫ 10 11 , which includes the effects of mirror acceptance in both vertical and horizontal directions, reflectivities of both mirrors, and a 0.012% bandwidth of the Si ͑111͒ monochromator. The measured rocking curve of the monochromator at 30 keV is shown in Fig. 3͑a͒ . The rocking curve width of 4.5 arc sec, observed with the sagittal crystal fully focused, compares well with the calculated value of 2.7 arc sec at this energy for a pair of perfectly flat crystals according to x-ray oriented programs ͑XOP͒. 11 The broadening of the rocking curve width could be caused by the heat load on the first crystal, and the twist and strain from the sagittal crystal. The loss of the measured flux is consistent with the wider rocking curve width and therefore can be attributed to imperfections in the monochromator crystals. Figure 4 shows focused horizontal and vertical beam profiles at the sample position measured by the slit scan. The full width at half maximum ͑FWHM͒ of the horizontal focal size is 360 m. This is compared to the theoretical value of 242 m. The reason for the discrepancy may be due to the ribbed sagittal crystal design. The rib width causes the broadening of the focal size in the horizontal but necessarily reduces the anticlastic bending effect that would otherwise significantly degrade diffraction resolution. The vertical profile is asymmetric and has a slow falloff at the lower side resulting from a tail on the bottom of the beam that is inherent to sagittal focusing. The FWHM of the vertical profile of the hot spot is about 170 m, which is in very good agreement with its calculated value when considering the source vertical size, the mirrors' slope errors, and the focal ratio. In real sample experiments, the vertical beam focal size can be adjusted to match the sample size. The ability to focus the beam finely is very advantageous when the material being studied is available only in microgram quantities, for example, the material synthesized at high pressure.
B. Analyzer system performance
The rocking curve widths of all 12 analyzers were measured with an attenuated directed beam, as shown in Fig.  3͑b͒ . These measurements are repeated routinely to check the diffractometer performance. Initially the independent tilt adjustment was performed to optimize each analyzer, so all analyzers could have nearly identical shape and width for the rocking curve. This allows the data from all 12 detectors to be treated as equivalent, allowing the measurements to be merged and simplifying data analysis. The slight difference in reflectivity shown in Fig. 3͑b͒ is most likely due to the different responses from the detectors and electronics. The measured rocking curve is symmetric, and the FWHM of the rocking curve is 0.005°, which is very close to the expected value.
C. IRF
The analyzer rocking curve width could be viewed as the instrument resolution ͑IRF͒ at zero 2. The IRF is measured by observing diffraction peak widths as a function of 2. An understanding IRF allows the evaluation of the overall performance of the powder diffraction system. The IRF is also needed for microstructure studies, as it allows separation of sample-dependent diffraction profile effects from those of the instrument. An analytical expression for IRF was determined by Sabin in 1987 for multicrystal spectrometers and parallel beam optics and assuming Gaussian peak line shape. 12 Extending Sabin's work, Gozzo et al. developed a more general equation, which is applicable to an optical system with collimating and vertical focusing mirrors. 13 For the optical arrangements implemented in 11BM, as shown in Fig. 1 , this IRF has the following form:
where ⌬ p is the residual source divergence after the first collimating mirror including the mirror slope error effect, ⌬ f is the beam divergence after the second vertical focusing mirror including the effect from the sagittal focusing, ⌬ m is the Darwin width of the monochromator crystal, and ⌬ a is the Darwin width of the analyzer crystal. Based on the equation given above, the first term has dispersive dependence as a function of 2, but the other two terms are constant. Therefore the shape of the IRF curve is dominated by the first term. This expression provides a guide to optimize the optics, especially the two mirrors' curvatures in order to properly collimate the beam and optimize vertical focus.
We measured instrumental profiles convoluted with those of a well-characterized sample at the 11BM instrument from diffraction pattern of the NIST LaB 6 ͑SRM 660a͒ powder. The data shown in Fig. 5 were collected at 30.9 keV with a 0.0005°2 step size. The intensity scale in this figure 
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Wang 14 where a pseudo-Voigt function was employed to describe the peak profile. The Finger-Cox-Jephcoat asymmetric function 15 did not produce significant improvement in the quality of the fits, indicating that the horizontal focusing has rendered axial divergence negligible. In order to avoid possible introduction of broadening caused by merging the 12 diffraction patterns from the multidetector system, data from a single detector were used. The FWHM of each diffraction peak, accounting for both Gaussian and Lorentzian broadening, are plotted as a function of 2 in Fig. 6͑a͒ . These FWHMs include the sample particle size effect.
To estimate the broadening contribution due to finite crystallite size, the Lorentzian components to the psudoVoigt FWHM were analyzed using a Williamson-Hall plot, as shown in Fig. 6͑b͒ . From this we estimate a crystallite size effect of about 0.7 m, where d * is as 2 sin͑͒ / , and ␤ * is ␤ cos͑͒ / , where ␤ is the width of the Lorentizian component of each peak.
By fitting the measured FWHMs in Fig. 6͑a͒ using the formula given above plus the particle size effect added in quadrature, we obtained the focusing beam divergence ⌬ f as 89 rad and the residual source divergence ⌬ p as 7 rad. Considering that the analyzer rocking curve width is 0.005°͑ 87 rad͒, the source vertical size y is 35 m, and the mirror slope error is 0.5 arc sec, these two fitted parameters are in good agreement with the expected values. The crystallite size parameter of 0.8 m fitted by the Scherrer formula 16 is completely consistent with the result of the Williamson-Hall plot. In Fig. 6͑c͒ , we convert the angular units of Fig. 6͑a͒ into reciprocal space units. At high Q values, the instrument resolution drops below the design specification of 2 ϫ 10 Applying corrections for the zero offsets, scale factors, and minor differences in wavelength for each detector, it became possible to overlay and average the 12 detectors together. Even though the wavelength differences were very small ͑ϳ1 eV in 30.9 keV͒, these corrections were absolutely necessary to avoid discrepancies in peak positions during averaging. In Fig. 7 , the summed observed diffraction pattern is shown as cross symbols and is overlaid by a calculated diffraction pattern ͑solid line͒; the difference profile is shown at the bottom. The refinement statistics are 2 = 1.5, R wp = 6.7%, and R p = 5.4%.
Diffraction measurements with this standard mixture can be made in half an hour or less, and the calibration refinement has been automated. The calibration parameters are recorded in a calibration data file that is then used for user data reduction. 
E. Instrument stability
We did a beam stability study during APS non-top-up operation mode, which refills electrons twice a day in the morning and evening. The current gradually decays from 100 to 85 mA; therefore, the worst situation will be if something was not stable due to heat load. Figure 8͑a͒ shows a selected diffraction peak at high 2 angle from the LaB 6 collected over the course of several hours. No position shifts were observed. However, over the course of a day and a half, minor peak position shifts were seen at high angles from the SRM mixture as shown in Fig. 8͑b͒ while the low-angle peaks were stable ͓Fig. 8͑c͔͒. The shift at a high angle of 32.115°is about 0.003°, which could be caused by a wavelength drift on the order of 1.6ϫ 10 −5 A likely due to a beam angle drift of 2.5 rad on the monochromator. According to our test, the drift depends primarily on the accumulated beam-on time and very little on the beam current. We think that one of the possible reasons could be the thermal expansion on the mechanical support system of the collimating mirror due to secondary scattering-induced heating.
For most of the planned experimental work, with measurements made on a time scale of hours, there would be no effect from these drifts. Measurements that seek to observe 10 −4 level differences in lattice parameters over the course of a day or longer will need to incorporate an internal standard or make more frequent calibrations.
V. SUMMARY
The new APS 11BM beamline is dedicated to highresolution, high-throughput powder diffraction. It has been fully commissioned and optimized. Mail-in operation within the APS general user program started in October 2007. The robotic sample changer has being running with high reliability. In order to efficiently run a high-throughput operation, we have developed and implemented web-based user interface to supply sample information that is interfaced to the instrument automation. A wide range of scientific research has been conducted at 11BM including condensed matter physics, chemistry, materials science, mineralogy, and biological and pharmaceutical sciences. Recent scientific research results are already being published.
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